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Abstract- The IsoBeam is a rectangular, unidirectional,
composite lattice structure designed for beam applications.
Three carbon fiber specimens each 2 ft (0.61 m) long, 6 in.
(152.4 mm) tall and 3 in. (76.2 mm) wide with four 6 in.
(152.4 mm) bays were hand-woven and tested in bending.
The beams each weighed between 1.82-1.86 lbs (8.09-8.27
N). A low maximum strength was achieved, primarily due to
insufficient consolidation and inadequate manufacturing
quality but the structure is seen to be very ductile and
damage tolerant.

IsoBeam consists of three types of members. The longitudinal
members are the six straight members along the top and
bottom of the beam. The helicals consist of inner helicals (the
inner diagonal members creating the inner nodes at midheight) and outer helicals (the members on the sides, top and
bottom) creating an X-shape every bay.

1 INTRODUCTION
Composite structures are utilized to provide strength in
addition to a weight reduction. The IsoTruss® structure has
previously been demonstrated as an efficient composite
lattice structure providing these benefits [1]. This structure,
consisting of composite members and interwoven joints, has
been modified to form a similar structure known as the
IsoBeam (Figure 1) for beam applications. This research
introduces the strength and ductility properties of the handwoven rectangular, unidirectional, composite lattice structure
known as the IsoBeam™. This research consisted of weaving
and consolidating three specimens and testing them in
bending.

FIGURE 1: ISOBEAM STRUCTURE

The IsoBeam geometry is created from a 6-Node Double Grid
IsoTruss where the top and bottom nodes are placed on the
same plane as the other nodes as seen in Figure 2 [2]. The
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FIGURE 2: END VIEW OF 6-NODE DOUBLE-GRID ISOTRUSS AND ISOBEAM

The interwoven joints created at member intersections
comprise four types of joints (Figure 3, Figure 4): primary
nodes, inner anti-nodes, vertical anti-nodes, and horizontal
anti-nodes. Primary nodes are the nodes supported during
fabrication and those which the longitudinal members pass
through. The horizontal and vertical anti-nodes are created as
the outer helicals intersect each other. The vertical antinodes are located on the sides of the beam and the
horizontal anti-nodes on the top and bottom of the beam.
The interior anti-nodes are the only nodes located on the
interior of the IsoBeam and are created as the inner helicals
intersect.
A bay is defined as a repeated section from one set of
primary nodes to the next along the length (x-axis) of the
beam. The geometry of the IsoBeam may be completely
defined by the bay length, b, number of bays, N b, height, h
and width, w of the beam as defined in Figure 4. Given these
values, the location of all nodes can be described by the basis
equations below.
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Coordinates of the Interior Anti-Nodes:
The interior nodes are located every half bay at mid-height.
There are two located at quarter widths. The locations, (x, y,
z), are defined as:

Coordinates of the Horizontal Anti-Nodes:
The two horizontal anti-nodes are located every half bay at
mid-width on the top and bottom of every bay. The
locations, (x, y, z), are defined as:

FIGURE 3: SIDE AND TOP VIEWS OF ISOBEAM WITH NODES LABELED

Coordinates of the Horizontal Anti-Nodes:
The vertical anti-nodes are located every half bay at midheight. The locations, (x, y, z), are defined as:

FIGURE 4: END VIEW OF ISOBEAM WITH NODES LABELED

Coordinates of the Primary (Longitudinal) Nodes:
There are six primary nodes at the beginning of every bay.
They are located on the top and bottom surfaces of the
structure. The locations of all primary nodes are defined in
Cartesian coordinates (x, y, z), as:

2 P REVIOUS RESEARCH
The IsoBeam has not been as extensively researched as the
IsoTruss largely due to difficulty manufacturing such beams
by hand and lack of a sufficiently large and capable braiding
machine. Jarvis introduced the IsoBeam structure for the use
in reinforced concrete beams and also discussed the design of
the IsoBeam and mandrel [2].
The pattern and consolidation of interwoven joints such as
those exhibited in the IsoBeam were studied by Hansen [3].
Hansen found that encapsulating the longitudinal members
with the helicals provided a higher strength than
interweaving them completely. He also concluded that
sleeves provided the highest compressive strength and
modulus for both types of joints. The two sleeve types
analyzed were braided and spiral, of which the braided sleeve
yielded the highest consistency, strength and stiffness, which
was also later confirmed by Allen [4].
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Allen [4], Wisnom [5], Embley [6] and Sika [7] studied the
compression strength after impact (CSAI) of composite
members of various materials, sleeves, coverage, impact
energies and length. These members are representative of
the load-carrying members of the IsoBeam. Of these studies,
the most relevant are Sika and Embley who both studied
carbon fiber members with aramid sleeves. Embley studied
members with lengths longer than the critical buckling length,
while Sika’s members were short enough to ensure failure in
compression [7]. Embley concluded that the average
compression strength and stiffness of unidirectional carbon is
77.9 ksi (537 GPa) and 17.7 psi (122 GPa), respectively. He
also observed that the compression strength of carbon
composites decreased with increasing impact energy, which
was not consistently the case for fiberglass and basalt
composites [6]. Sika reached similar conclusions, which
included that co-curing a dry fiber sleeve over unidirectional
fiber/epoxy effectively consolidates core materials and
increasing aramid sleeve coverage increased damage
tolerance of carbon fiber composites [7].
Due to the complication of consolidating members by hand,
the members in this study were consolidated using a half
spiral sleeve. Hansen, Sika and Embley all concluded that the
compression strength and stiffness are unaffected by sleeve
type and coverage when undamaged; thus, a more
complicated sleeve was not needed.

3 EXPERIMENTAL APPROACH
3.1 M ATERIALS
The specimens are created by weaving composite tows preimpregnated with epoxy and consolidated using a spiral
sleeve to achieve proper member consolidation and decrease
voids. TCR Composites donated a 12k T700 carbon fiber preimpregnated with UF 3369 TCR Resin for this study [8]. An
aramid sleeve was used to consolidate the members by hand.
Table 1 displays the materials used, their manufacturer and
type. Table 2 shows the material properties.
TABLE 1: MATERIAL, MANUFACTURER AND TYPE

Material and Use
Carbon Fiber Core

Manufacturer
Toray

Type
T700SC-12K-50C

Epoxy Matrix

TCR Composites UF 3369-100

Aramid Sleeve

Dupont

49-7100 Denier

TABLE 2: MATERIAL PROPERTIES

Tensile
Modulus
6
[10 psi (Gpa)]

Tensile
Strength
[ksi (Mpa)]

Density
3
[lbs/in
3
(g/cm )]

Carbon

33.4 (230)

711 (4,900)

0.065 (1.8)

Epoxy

0.445 (3.1)

13.4 (92.4)

0.043 (1.18)

Aramid

410 (2830)

10 (68.9)

0.044 (1.21)

Material

3.2 CREATING SPECIMENS
The specimens were woven by hand using an inner mandrel
designed and created previously by Jarvis [2]. The mandrel was
waxed using Kiwi® neutral shoes wax to allow easy removal
after curing. It was desired to have a continuous 5 lbs (22.24 N)
of tension applied by hand during both the weaving and
consolidating processes, although this was difficult to control.
The specimens were created with 21 tows for inner helicals, 29
tow for outer helicals, and 93 tows for longitudinal members.
The first third of the inner helicals were placed before adding
any longitudinal members because the inner members must be
woven once longitudinal members are laid. The next third of
the inner helicals and 14 tows of longitudinal members were
interwoven. 70% of the longitudinals were laid to create the
encapsulated portion of longitudinal members. The last third of
the inner helicals were woven with 7 tows of longitudinal
members to create interweaving on both sides of the
longitudinal members. Then, for easy access, the inner helicals
were consolidated with a spiral, aramid sleeve. The last 7 tows
of longitudinals were interwoven with half of the outer helicals
and then, the second half of the outer helicals were applied.
Lastly, the longitudinal members and the outer helicals were
consolidated with aramid sleeves. Each specimen took on
average 30 hours to weave with two or three people assisting.
Ideally, all members would be interwoven, but this creates a
complex pattern to weave by hand. Creating the specimens
on a three-dimensional braiding machine would allow better
interwoven joints and consolidation. The most tows were
used in the longitudinal members to create a favorable 2:1
ratio in longitudinal and helical member sizes with an
expected longitudinal member size of 0.4 in. (10.2 mm) in
diameter and 0.2 in. (5.1 mm) for the helical members.

4
The final specimens were 2 ft (0.61 m) long with four 6 in.
(152.4 mm) bays, 6 in. (152.4 mm) tall and 3 in. (76.2 mm)
wide. Each specimen weighed between 1.82-1.86 lbs (8.098.27 N). The average longitudinal, outer helical and inner
2
2
2
2
helical sizes were 0.481 in (310.3 mm ), 0.145 in (93.5 mm ),
2
2
0.122 in (78.7 mm ), respectively.

3.4.1 FOUR-POINT B ENDING
Since there were four loading points in the first test, a
channel with two steel blocks and a roller welded to it, 12 in.
(304.8 mm) apart, interfaced with the notched plate on the
top nodes. A small I-beam was placed inside the channel to
distribute the load. The full test fixture for 4-point bending
can be viewed in Figure 4.

3.3 SPECIMEN CURING
The specimens were cured with a ramp up of 5° F (2.5° C) per
minute from room temperature to 250 °F (121° C) where they
were held for 4 hours as specified by the material
manufacturer [8]. They were ramped down at 5° F (2.5° C)
per minute to 150° F (66° C) or less. A type T thermocouple
was wrapped inside the carbon fibers at the thickness similar
to the longitudinal members to facilitate interior member
temperature readings. After curing, the specimens were
removed from the mandrel using a Dremel tool, and prepared
for testing.

3.4 TESTING
The first specimen was tested in 4-point bending to induce a
pure bending moment throughout the beam. Putting the
base plates so close to the end of the beam, however,
allowed rotation and induced stresses in the members
around the base plates. Therefore, the next two specimens
were tested in 3-point bending which enabled the base plates
to each have a full bay on the outside of them to decrease
the rotation of the plates. Both test set ups and fixtures are
described since both sets of data are included in the results.

(A)

For all tests, notched plates with a roller in between them
were used to interface the beams. This created a statically
determinate path for the load. Since each of the three
primary nodes interfacing the plates were slightly different
heights, shims were inserted to ensure even distribution of
the load between them. Additionally, stiff neoprene was
placed between the shims/plates to distribute the load
around the curved surface of the nodes. A swivel head was
used to distribute the load from the machine to the test
fixture. Lastly, the test fixture was propped up on a beam to
create room for the base plates in the first test and to attach
the string pots in the last two tests.
(B)
FIGURE 5: FOUR-POINT BENDING TEST FIXTURE
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3.5 DATA ACQUISITION
3.4.2 THREE POINT BENDING
For the 3-point bending tests, the channel piece and I-beam
were replaced by a simple roller and base plate. The rest of
the fixture remained the same and can be seen in Figure 6.

Strain gages were used to measure the strain of individual
members during testing. Strain gages with pre-soldered
wires were used on the inner helical members because of
their inaccessibility. These were also used on all helical
members after the first test for simplicity. Larger strain gages
were used on longitudinal members that required soldering.
The types of strain gages used are summarized in Table 3.
TABLE 3: STRAIN GAGE TYPE AND LOCAION DURING TESTS

Strain Gage Type

Member Type

CEA-06-125UN-120
EA-06-062AK-120

FLA-2-11-3LT
(A)

Test

Longitudinal
Top and Bottom Outer
Helicals
Top and Bottom Outer
Helicals

1,2 and 3

Side Outer Helicals
Inner Helicals

1, 2 and 3
1, 2 and 3

1
2 and 3

The first test contained extra strain gages to ensure we had
redundant data in case of failure and allowed the important
strained members to be identified for the next two tests.
Thus, fewer strain gages were used on subsequent tests. A
summary of test parameters including the rate of testing, the
number of strain gages on each type of member, and the
method for measuring the displacement are displayed in
Table 4.
TABLE 4: SUMMARY OF TESTS

Test

(B)
FIGURE 6: THREE-POINT BENDING TEST FIXTURE

The testing rates can be viewed in Table 4.

Rate
(in/min)

Number of Strain Gages
IH

OH

L

Displacement
Measurement

1a

0.05

12

4

8

Machine

1b

0.1

12

4

8

Machine

2a

0.1

9

2

6

String Pots

2b

0.1

9

2

6

String Pots

3

0.2

10

2

6

String Pots

String pots were used in test 2 and 3 to accurately account for
the displacement of the neoprene pads and calculate the
beam’s center deflection. Three string pots were mounted to
each side of the base beam and a rod epoxied inside the
three middle bays of the specimens. These measured the
displacement on both sides of each base plate and both sides
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of the center. These were averaged and each base plate’s
deflection due to the neoprene was removed from the center
deflection to get the beam’s absolute center deflection. This
can be seen in Figure 6.

4 P RELIMINARY RESULT
The large amounts of data created by each test and strain
gage has yet to be fully analyzed, thus only preliminary
findings are reported here.
As seen in Figure 8, the load versus machine displacement
plot, there were two phases in both Tests 1 and 2. During the
initial phase of each of these tests, as the load increased,
undesired secondary stresses were induced in the members.
In Test 1, the base plates at each end rotated as they started
to slip out from under the specimen. This occurred because
the base plates were positioned at the end of the specimen
with no bay on the other side to restrict these large rotations.
As the plates rotated, they came in contact with other
members, causing the helicals at the bottom of the two end
bays to break prematurely. For this reason, the last two
specimens were tested in 3-point bending, producing more
favorable results.

occurred, unlike the first test. All of the test data, including
tests ended early, is plotted to show the similar load
displacement behavior in each case.
The strength of Test 3 was the most carefully controlled test,
and yielded the highest capacity at 5024 lbs (22.25 N). Test
2b had a similar strength of 4696 lbs (20.89 N). The lower
strength of Test 1b of 3689.4 lbs (16.41 kN) is attributed to
the significant damage caused during Test 1a. Similarly, the
slight damage obtained during Test 2a may be the cause of
the slightly lower strength of Test 2b. Figure 7 shows Test 3
after the specimen was continued to carry 25% of its peak
load, at the end of the test.

During the second test, the beam shifted and the top base
plate rotated into the members inducing similar secondary
stresses. The test was stopped before substantial damage
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FIGURE 7: SPECIMEN 3 AT 25% OF PEAK LOAD AFTER FAILURE
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FIGURE 8: LOAD VERSES MACHINE DISPLACEMENT FOR EACH TEST
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These strengths were all well below the desired strength for
the part. This low strength is attributed to the handmanufacturing process, where the required constant tension
for consolidation of the members was not adequately
applied. Removing, sanding and examining members under a
microscope shows large voids that greatly decrease the
material strength as well as the strength of the whole
IsoBeam. Further analysis of the void ratio and compression
strength testing of individual members will be performed to
validate the low strength of the specimens.
A noticeable trend was the ductility of the specimens as they
continued to support load after damage. This is mostly seen
for Test 2b and Test 3. After reaching a peak load and
sustaining damage, both specimens have a pattern of a large
decrease in load followed by an increase until around 50% of
the maximum strength where they leveled off and slowly
decreased in strength. The tests were stopped and the
specimens unloaded when this residual strength reached
about 25% of the peak load. This was done since no
catastrophic failure was expected, but rather, a continuation
of the gradual load decline. The specimens were able to
absorb a lot of energy and after unloading, returned to a
nearly undeformed state.
These are all very favorable characteristics in beams
especially in aerospace applications. The IsoBeam is a
damage tolerant system because of its many members which
create redundancy for load paths.
With proper
manufacturing and consolidation, the IsoBeam will provide a
strong, light-weight, ductile and fail-safe structure to be used
in beam applications.

5 SUMMARY
The 2 ft (0.61m) long IsoBeam specimens tested in bending
had a low maximum strength but showed ductility which is
useful for damage tolerance. The tests showed consistent
load displacement behavior, but due to induced stress in the
first tests, the maximum strengths varied. They all exhibited
similar ductility as they continued to be loaded. The
specimens sustained a 50% load while continuing to
absorbing a lot of energy. These qualities are important in
damage tolerant structures such as aerospace applications.
The Isobeam is a light-weight structure that sustains load
without catastrophic failure providing a ductile, damage
tolerance beam.

It is recommended that a machine be developed to
sufficiently braid and consolidate the IsoBeam which should
result in a substantial increase in maximum strength and load
bearing capacity after damage.
The following further research relating to this subject will be
completed:






Strain gage data consolidation and analysis
Voids measurements and calculations of members
Compression strength testing of members for
comparison to compression strength of machine
woven members [7]
FEA model comparison to test data

Additional research will further aid in characterizing the
IsoBeam and improving manufacturing methods which in turn
will increase the strength of the IsoBeam.
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